Abstract. copper metabolism Murr1 domain containing 1 (cOMMd1) has multiple functions in the regulation of protein stability at the plasma membrane and in the cytoplasm. However, the regulation of cOMMd1 transcriptional has remained to be elucidated. In the present study, the 5'-flanking region (-1,192/+83 bp) of the human cOMMd1 gene was cloned. It was observed that the cOMMd1 promoter region contains Gc-rich region that has 7 putative Sp1-binding sites via in silico analysis. The proximal promoter region at -289/+83 bp was required for cOMMd1 basal promoter activity by deletion constructs of cOMMd1 promoter. Moreover, Sp1 inhibitor, mithramycin A, suppressed basal cOMMd1 promoter activity. The Sp1-binding site (-11/-1 bp) in the proximal promoter region was a critical site for cOMMd1 gene regulation by Sp1 and Sp3. Sp1 upregulated cOMMd1 promoter activity, whereas Sp3 suppressed it. Endogenous Sp1 and Sp3 bound to the proximal promoter region of cOMMd1. Taken together, Sp1 constitutively regulates the basal expression of the cOMMd1 gene in human epithelial cell lines.
Introduction
copper metabolism Murr1 domain containing 1 (cOMMd1) is a member of the cOMMd family, which has ten members. This protein family is distinguished by a unique c-terminal motif called the cOMM domain (1, 2) . cOMMd1 was previously reported to regulate copper homeostasis by binding to ATPase copper transporting alpha/beta (ATP7A/B), which are associated with the copper storage disorders Menkes disease and Wilson's disease (3, 4) . cOMMd1 regulates the folding, stability, ubiquitination and protein degradation of its interaction partner proteins, including ATP7A, ATP7B and nuclear factor (NF)-κB (5) (6) (7) (8) . COMMD1 has been reported as a human immunodeficiency virus (HIV)-1 host factor and inhibits HIV-1 replication by blocking the degradation of the inhibitor of NF-κB (IκB-α) (9) . A previous study by our group reported that IκB-α expression is increased by HIV-1 latent infection through the induction of cOMMd1 expression. Induction of cOMMd1 in HIV-1 latent-infected cells also maintains latent HIV-1 infection. The expression of the cOMMd1 protein and mRNA in HIV-1 latent-infected myeloid cells is stronger than in parental cells (10) . However, it remains elusive how cOMMd1 transcription and expression are regulated. To the best of our knowledge, no previous studies have assessed cOMMd1 transcriptional regulation.
The transcription factors specificity protein 1 (Sp1) and Sp3 belong to the Sp family, which has four members. Sp factors bind to Gc-rich dNA sequences in human gene promoters. The Sp family is ubiquitously expressed and regulates a number of housekeeping and tissues-specific genes (11, 12) . Sp1 and Sp3 have 90% dNA sequence homology in the zinc finger-binding domain and exhibit similar specificities and affinities for DNA binding (13) . However, although there are structural similarities between them, a functional comparison identified Sp1 as a transcriptional activator, with Sp3 being either a gene expression activator or repressor depending on the promoter structure or cell type (13, 14) .
The present study hypothesized that basal cOMMd1 transcription is regulated by Sp1 because cOMMd1 expression is ubiquitous (1) , and due to prospective consensus Sp binding sites identified in the human COMMD1 promoter region (Fig. 1A) . In the present study, the -1,192/+83 bp region of the cOMMd1 promoter was cloned and the effects of Sp1 and Sp3 on the promoter activity and cOMMd1 mRNA and protein expression were assessed with a luciferase assay using cOMMd1 promoter constructs. It was demonstrated that Sp1 upregulates cOMMd1 promoter activity as a transcriptional activator, while Sp3 suppresses cOMMd1 promoter activity as a repressor. Sp1 regulates cOMMd1 promoter activity via -11/-1 bp of the Sp1-binding site and is required for the basal expression of cOMMd1 in human cell lines. Table I . All mutant plasmids were generated using the -283/+83 construct in the pGL4.11 vector as a template. Restriction sites were introduced into mutations for selection, and the incorporation of the mutation was verified by restriction digestion and sequencing. All plasmids used in the present study were sequenced with an ABI 3130 Genetic analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Cell culture and transfection. The human embryonic kidney cell line 293T and the human cervical carcinoma cell line HeLa were obtained from the American Type culture collection (Manassas, VA, USA) were maintained in dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Nichirei Biosciences, Inc., Tokyo, Japan) at 37˚C in a humidified atmosphere of 5% CO 2 . Human promyeloid U937
were obtained from the American Type culture collection. cells were cultured in RPMI-1640 (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum and antibiotics at 37˚C in a humidified atmosphere containing 5% cO 2 . Transient transfection of plasmid dNA was performed using HilyMax reagent (dojindo Laboratories, Kumamoto, Japan) following the manufacturer's recommended protocol as described previously (15) . Sp1 small-interfering RNA (si-RNA) was purchased from Sigma Aldrich (Merck KGaA). The transfection of Sp1 si-RNA was performed using TransIT-TKO reagent (Mirus Bio LLC, Madison, WI, USA) as described previously (16) . The sequence of siRNA targeting Sp1 (si-Sp1) was as follows: Forward, 5'-cUA cUA cUA ccA ccA GcA ATT-3' and reverse, 5'-UUG cUG GUG GUA GUA GUA GTT-3'. The negative control siRNA (MISSION siRNA Universal Negative Control; Sigma-Aldrich, Tokyo, Japan) was also used (con-si).
Reporter gene assays. 293T cells seeded onto 24-well plates were transfected with 0.1 µg of the wild-type or mutant cOMMd1 promoter in pGL4.11, together with a control Renilla luciferase plasmid (Promega corp.). The amount of co-transfected Sp1 or Sp3 expression vector was as indicated in the figures. Sp1 inhibitor mithramycin A was added 24 h prior to harvesting the cells. At 48 h after transfection, cells were assayed for luciferase activity using a dual-Luciferase Reporter Assay system (Promega corp.) as described previously (16).
Western blot analysis.
To analyze cOMMd1 and Hsc70 protein expression, immunoblotting was performed as described previously (17) . 293T cells were transfected with Sp1 and incubated for 72 h. The protein lysate was recovered by radioimmunoprecipitation assay buffer as we described previously (18) . For western blot analysis of Sp1 and HdAc1, nuclear extracts were prepared from cells according to a previously published protocol (17) . The concentration of each sample was determined using a bicinchoninic acid assay kit (cat no. 23225; Thermo Fisher Scientific, Inc.). Proteins (10 µg) were fractionated by 10% SdS-PAGE for cOMMd1, Hsc70 and HdAc1 or 7.5% SdS-PAGE for Sp1. Proteins were transferred onto a polyvinylidene difluoride membranes. After blocking, the membrane was probed with the appropriate anti-cOMMd1 (cat. no. ab58322; 1:1,000), Hsc70 (cat. no. SPA-815, 1:1,000), Sp1 (cat. no. sc-59, 1:1,000) and HdAc1 (cat. no. 607401, 1:1,000) antibodies for 2 h at room temperature. Secondary IgG-HRP antibodies [anti-rabbit-HRP (cat. no. 7074) or mouse-HRP (cat. no. 7076); both 1:2,000] were added and incubated for 1 h at room temperature. The blot was visualized with chemi-Lumi One Super (Nacalai Tesque, Kyoto, Japan). Band intensity was quantified with Image Gauge software (ver. 4.2; Fuji Film, Tokyo, Japan).
Reverse transcription-quantitative (RT-q)PCR.
Total RNA was isolated from cells with RNAiso Plus (Takara Bio, Inc.) and cdNA was synthesized using the PrimeScript RT regent kit (Takara Bio, Inc.) according to the manufacturer's protocol. RT reaction was performed using the Takara PCR Thermal cycler dice (Takara Bio, Inc.) with the following conditions: 37˚C for 15 min, 85˚C for 5 sec. Real-time PCR amplification of cOMMd1, Sp1 and internal control 18S ribosomal (r)RNA were performed using the Fast SYBR-Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) following the manufacturer's instructions and as described previously (10) . PCR amplifications were performed using the StepOne real-time PCR system with the following amplification conditions: 95˚C for 3 min, 40 cycles at 95˚C for 10 sec, at 55˚C for 30 sec. The C q values for each gene amplification were normalized by subtracting the c q value calculated for 18S rRNA. Normalized gene expression values were presented as the relative quantity of each gene-specific mRNA according to 2 -∆∆cq method (19) . The oligonucleotide primers used for real-time qPCR amplifications are listed in Table II .
ChIP assay. To examine the binding of Sp1 to the cOMMd1 promoter, the nuclear extract of 293T cells was used for the chromatin immunoprecipitation (chIP) assay according to a previously described method (16) . Cells were cross-linked using formaldehyde (1% final concentration) added directly to the cell culture media at 37˚C for 15 min, and the reaction was stopped by adding glycine (0.125 M final concentration). Cells were rinsed with cold PBS and resuspended in cell lysis buffer. This mixture was incubated on ice for 10 min and then homogenized. The nuclei were resuspended in nucleus lysis buffer and incubated on ice for 10 min. the samples were sonicated on ice with the ultrasonic homogenizer VP-050 (TAITEc, Saitama, Japan). The chromatin solution was precleaned using Staphlococcus aureus protein A-positive cells (Pansorbin, #507862; Merck KGaA). Two micrograms of anti-Sp1 or anti-Sp3 antibody was incubated with pre-cleared chromatin. PcR was performed using the Fast SYBR green master mix as above. The primer set for measuring Sp1 and Sp3 binding activities was as follows: -0.1 kb sense, 5'-GGT ACC TCT CCA GTA ATc TcT GcG AGc AAT c-3' and antisense, 5'-cTc GAG GAA AGT GTc cTG GGc cAG cGc ATT c-3'.
Statistical analysis.
Values are expressed as the mean ± standard error. data were analyzed by a one-way analysis of variance with the Tukey-Kramer multiple-comparisons test or dunnett's test, or by Student's t-test. JMP software (ver. 8.0.2; SAS Institute, cary, Nc, USA) was used for all statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results

Cloning of the 5'-flanking region of COMMD1 and analysis of putative transcription factor binding sites.
To characterize the cOMMd1 transcriptional system, a genomic dNA fragment Table I . Primers for COMMD1 promoter cloning and mutagenesis of specificity protein 1-binding sites.
Primer name
Sequence (5'-3') containing the 5'-flanking region of the human COMMD1 gene (GenBank accession no. NC_000002.12) was cloned. The cloned fragment spans 1.2-kb upstream of exon 1, down the length of the first exon to ~72 bp of the 5'UTR. An analysis of the COMMD1 5'-flanking region using the JASPAR database (http://jaspar.genereg.net) revealed a Gc-rich region that has 7 putative binding sites for Sp1 within -1,192 bp upstream of the transcriptional starting site, which was designated as +1 (Fig. 1A) . To identify the probable minimal promoter region required for the basal transcriptional activity of the cOMMd1 gene, deletion constructs that contained 7, 4, 3 and 1 Sp1 binding sites were generated (Fig. 1B) . These constructs were transfected into 293T cells that express cOMMd1. The -519/+83 bp construct had the highest activity among all constructs. The activities of the -1,192/+83, -519/+83, -283/+83 and -29/+83 bp constructs containing 7, 4, 3 and 1 Sp1 binding sites, respectively, were 88-, 116-, 65-and 13-fold higher than the basal activity, respectively. Putative binding sites for NF-κB and signal transducer and activator of transcription (STAT) transcription factors were detected in this region in an in silico analysis. However, blockage of the NF-κB, STAT and JAK activation pathways did not affect cOMMd1 promoter activity (Fig. 1c) . Thus, these results indicated that the cis-regulatory elements required for cOMMd1 transcriptional activity are mainly located in the core promoter region of -283 to -1 bp.
Sp1 activates COMMD1 promoter activity. To clarify whether these Sp1 sites are involved in cOMMd1 transcription, the -0.25-kb construct and increasing amounts of the Sp1-expressing plasmid were co-transfected into 293T cells. An increase in cOMMd1 reporter activity was identified in 293T cells that was dependent on the amount of Sp1 expression vector ( Fig. 2A) , which was in parallel with the amount of Sp1 mRNA expression (Fig. 2B) . The overexpression of Sp1 also increased cOMMd1 mRNA and protein levels ( Fig. 2c and d) . These results suggested that Sp1 enhances the promoter activity of cOMMd1.
Inhibition of Sp1 downregulates endogenous COMMD1
expression. The present study analyzed the effects of mithramycin A, a drug known to modify the GC-rich region of P<0.001, respectively, vs. the con or blank group. ns, not significant; SP, specificity protein; STAT, signal transducer and activator of transcription; NF, nuclear factor; Luc, luciferase; JAK inh., Janus kinase inhibitor Pan-JAK; con, control; cOMMd1, copper metabolism Murr1 domain containing 1; MitA, mithramycin A; BAY, BAY 11-7085. dNA and inhibit Sp1 binding (20) . As presented in Fig. 3A , treatment with mithramycin A downregulated the promoter activity of cOMMd1. The mRNA and protein expression of cOMMd1 was also decreased with mithramycin A treatment ( Fig. 3B and c) . As mithramycin A has broad effects and induces cell death, the present study also applied Sp1-specific si-RNA, si-Sp1, which was transfected into HeLa cells (Fig. 3D) . Mild Sp1 knockdown suppressed the mRNA and protein expression of cOMMd1 ( Fig. 3E and F) . collectively, these results suggest a role for Sp1 in regulating the cOMMd1 promoter.
Sp3 suppresses the activity of the promoter of COMMD1, but not its expression. Sp1 and Sp3 have similar structures and bind to the same Sp1-binding sites. However, their dNA-binding properties and regulatory functions differ depending on the promoter region or cellular background (14) . The present study investigated whether Sp3 regulates cOMMd1 promoter activity (Fig. 4) . 293T cells were co-transfected with the -0.25-kb construct and increasing amounts of the Sp3 expression plasmid, and decrease in reporter activity was observed (Fig. 4A) . In addition, to assess the association between Sp1 and Sp3 in the cOMMd1 promoter region, the -0.25-kb construct was co-transfected with expression vector of Sp1 and Sp3 into 293T cells. Of note, cOMMd1 promoter activity was upregulated by Sp1 and was suppressed by Sp3 (Fig. 4B) . However, when Sp3 was transfected into 293T cells (Fig. 4d) , the expression of cOMMd1 mRNA and protein was not suppressed (Fig. 4c and E) . It was then investigated whether Sp3 decreases cOMMd1 expression in Sp1-silenced cells. Sp1 knockdown decreased the expression of cOMMd1 mRNA, and this decrease was enhanced by Sp3 overexpression (Fig. 4F) . Thus, taken together, the results indicated that Sp3 regulates the transcription of cOMMd1 in the absence of Sp1.
The -11/-1 bp Sp1-binding site is essential for COMMD1 promoter activity. Next, the present study investigated which Sp1 site is indispensable for the proximal promoter activity of cOMMd1. Reporter constructs carrying a mutation in the Sp1-binding sites [mutant (mt)1, -11/-1; mt2, -37/-27; mt3, -164/-154] were created and their activities in 293T cells were analyzed (Fig. 5A and B) . The mutation in the -164/-154 Sp1-binding site (mt3) had no significant effect on promoter activity. The mutation in the -11/-1 Sp1-binding site (mt1) completely abolished cOMMd1 promoter activity. By contrast, the mutation in the -37/-27 Sp1-binding site (mt2) led to a stronger cOMMd1 promoter activity than that with the wild-type promoter. To confirm whether Sp1-binding site (mt2) led to a cOMMd1 promoter activity, we created another mutant construct of different sequence of mt2 (mt2-2). Mt2-2 also led to a stronger cOMMd1 promoter activity (Fig. 5B) . The double mutant constructs containing mt1 (mt1+mt2 and mt1+mt3) abolished the promoter activity. These results indicated that Sp1 regulates cOMMd1 through the -11/-1 Sp1-binding site, which is crucial for the induction of cOMMd1 promoter activity. To examine whether Sp1 or Sp3 binds to the promoter of cOMMd1, a chIP assay was performed using nuclear extracts from 293T cells and anti-Sp1 or anti-Sp3 antibody. We observed that endogenous Sp1 or Sp3 binds to the promoter of cOMMd1 as determined by ChIP assay (Fig. 5C ). Taken together, these results indicate that Sp1 binds to the -11/-1 bp Sp1-binding site of the cOMMd1 proximal promoter region to activate cOMMd1 promoter activity and is required for the basal expression of cOMMd1. Values are expressed as the mean ± standard error from three independent experiments. In (A) and (B), P-values were determined by analysis of variance followed by the Tukey-Kramer test and Dunnett's test, respectively. In E and F, P-values were assessed using Student's t-test. ** P<0.01 and *** P<0.001, respectively, vs. pcDNA or the control. si-SP1, small interfering RNA targeting specificity protein 1; COMMD1, copper metabolism Murr1 domain containing 1; MitA, mithramycin A; rRNA 18s, 18 s ribosomal RNA; con, control; HSC70, heat shock cognate 71 kDa protein; HDAC1, histone deacetylase 1.
Discussion
cOMMd1 was previously reported to interact with the copper ion channel ATP7A/B and is involved in copper transport in hepatocytes (2) . cOMMd1 expression is suggested to correlate with tumor malignancy, inflammation and anti-viral host defenses. In human cancers, including breast and prostate cancers, cOMMd1 expression is frequently suppressed, which leads to increased tumor invasion in these patients (8) . cOMMd1 mRNA expression was demonstrated to be reduced in circulating leukocytes from inflammatory bowel disease (IBd) patients and the decrease in cOMMd1 expression induced constitutive inflammation (21) . A recent study indicated that microRNA-205 suppressed cOMMd1 expression in stemness-enriched cancer cells (22) . The present study was the first to report the cloning and characterization of the COMMD1 promoter region. The 5'-flanking region of cOMMd1 is Gc-rich and contains putative Sp1 consensus sites. cOMMd1 is mainly regulated by the Sp1 transcription factor through the direct binding of Sp1 to the cOMMd1 promoter region.
Sp1 upregulates a variety of genes, including house-keeping genes and tissue-or cell type-specific genes (23) . An early study demonstrated that the expression of the human cd14 gene is upregulated by Sp1 in monocytic cells (24) . Interleukin-10 expression is also regulated by Sp1 and Sp3 in a manner similar to that of other of house-keeping genes (25) . The present study examined whether cOMMd1 expression is regulated by Sp1. COMMD1 transcription and expression were identified to be upregulated by Sp1. Sp1 is essential for early embryonic devel- opment in mice study. When we performed mildly knockdown Sp1, cOMMd1 expression decreased ( Fig. 3E and F) . Sp1 is important transcription factor for cOMMd1 transcription.
Although Sp3 clearly suppressed cOMMd1 promoter activity, Sp3 overexpression did not suppress the mRNA expression of cOMMd1. cOMMd1 protein expression was upregulated by Sp3 overexpression; however, Sp3 overexpression did not increase cOMMd1 mRNA levels and did not regulate cOMMd1 transcription in the presence of Sp1. Sp1 and Sp3 expression levels are important for the transcription of certain genes (26, 27) . While Sp3 decreased COMMD1 expression in Sp1-knockdown cells, the transcriptional regulation of the cOMMd1 gene by Sp1 and Sp3 has remained to be fully elucidated. However, it is apparent that Sp1 upregulates cOMMd1 transcription and expression. By contrast, Sp3 may be involved in cOMMd1 transcription and expression but its effect is dependent on the presence of Sp1.
A mutagenesis analysis demonstrated that the mutation in the first Sp1 site (mt1) suppressed promoter activity, while the mutation in the second site (mt2) enhanced it. These results suggested that the first site was the activator site of Sp1 binding and the second site was the inhibitory site. Previous studies reported that Sp1 acts as an activator and repressor in the same promoter region (28, 29) . The present study investigated different mutant sequences in the second Sp1-binding site (mt2-2) by mutation analysis and identified that they also enhanced cOMMd1 promoter activity. Although each of the two sites regulated cOMMd1 promoter activity in the reporter assay, the transcription of endogenous cOMMd1 by Sp1 may be regulated in the most closed Sp1-binding site.
The transcription factor Sp1 upregulates the promoter activity and expression of cOMMd1, while Sp3 suppresses the promoter activity at the steady state. Therefore, the present study indicated that Sp1 and Sp3 regulate the basal transcription and expression of cOMMd1. However, a previous study by our group indicated that interferon-α (IFNα) and the Toll-like receptor 7/8 agonist R848 induced COMMD1 mRNA in a promonocyte cell line (10) . In pathogen infection, particularly with viruses, IFNα produced in response to infection may regulate cOMMd1 transcription. The present in silico analysis revealed the presence of several putative transcription factor-binding sites for STAT and interferon regulatory factor in the cOMMd1 promoter region. However, in the present study, NF-κB and JAK inhibitor treatment did not suppress cOMMd1 promoter activity in 293T cells. In several cancers and IBd, cOMMd1 expression has been reported to Figure 5 . Sp1 regulates cOMMd1 gene expression via direct binding to the -11/-1bp Sp1-binding site of the cOMMd1 proximal promoter region. (A and B) A mutant plasmid was transfected into 293T cells. Luciferase activity in lysates was measured 48 h after transfection and expressed as fold activity over the empty vector. (C) Sp1 and Sp3 binding to the COMMD1 promoter at -0.1 kb was assessed by a chromatin immunoprecipitation assay using nuclear extracts of 293T cells. Values are expressed as the mean ± standard error from three independent experiments. P-values were determined by analysis of variance followed by dunnett's test. *** be suppressed (8, 21) , suggesting that inflammation-associated proteins regulate cOMMd1 transcription. Further investigation of the transcriptional regulation of cOMMd1 under these conditions or in specific cell types is required. COMMD1 is a protein associated with multiple cellular pathways, including copper homeostasis and NF-κB and hypoxia-inducible factor-1 signaling. In the present study, Sp1 was identified as a transcriptional regulator of cOMMd1. These results demonstrated the molecular mechanisms of the regulation of cOMMd1 gene expression by Sp1 at the steady state.
